Immunohistochemistry showed that minocycline inhibited the sequential activation of microglia and astrocytes, and IL-18 was predominantly colocalized with the microglial marker Iba-1 in the spinal superficial dorsal horn. Western blot revealed that repeated intrathecal injection of minocycline significantly inhibited the increased expression of IL-18 and IL18Rs in microglia induced by TSS. Conclusion The IL-18 signaling pathway in microglia is involved in TSS-induced spinal LTP and mechanical allodynia.
Introduction
Tetanic stimulation of the sciatic nerve (TSS) induces long-lasting hyperalgesia and allodynia in the rat [1, 2] . In electrophysiological studies, TSS with identical parameters also induces long-term potentiation (LTP) of C-fiberevoked field potentials in the spinal cord [3] . The induction of spinal LTP is prevented by antagonism of spinal Nmethyl-D-aspartic acid (NMDA) and neurokinin 1 (NK-1)
receptors, both of which play key roles in the sensitization of spinal pain transmission [4] [5] [6] [7] . It is, therefore, plausible that spinal LTP may be the substrate of sensitization of the pain pathway in the spinal cord [3, 8] .
Increasing evidence demonstrates that microglia play an important role in modulating the sensitization of pain transmission in the spinal cord [9] [10] [11] [12] . A previous report showed that intrathecal administration of minocycline, a microglial inhibitor, dose-dependently reduces the formalin-evoked second phase of flinching responses and the carrageenan-induced thermal hyperalgesia, and completely blocks the hyperalgesia induced by intrathecal delivery of NMDA in rats [13] . Similarly, microglia modulate NMDAdependent hippocampal LTP [14] [15] [16] . Moreover, cytokines released by microglia, including interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), modulate the induction and maintenance of hippocampal LTP by increasing the surface expression and phosphorylation of α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [17, 18] . Our studies and others have also revealed that disruption of glial function blocks TSS-induced LTP in the spinal cord [1, 19, 20] . Taken together, it is likely that spinal microglia contribute to the spinal LTP induced by nociceptive input. The signaling molecules in microglia and the mechanisms mediating this process need to be further explored.
A line of evidence demonstrates that interleukin-18
(IL-18), a proinflammatory mediator predominantly released by microglia [21] [22] [23] , is likely to be an ideal target for investigating microglial functions. IL-18 is up-regulated in some inflammatory diseases [24] , but compared with IL-1β, few studies have focused on the role of the spinal IL-18 signaling pathway in the induction of pathological pain.
The present study aimed to explore the potential roles of microglia and IL-18 in the induction of spinal LTP and persistent pain behaviors induced by TSS in rats. 
Materials and methods

Animals
Electrophysiological recording of spinal LTP The
procedures were similar to a previous study [25] . Briefly, rats were initially anesthetized with intraperitoneal (i.p.) urethane (1.5 g/kg). Laminectomy was performed at vertebrae T13-L1 to expose the lumbar enlargement of the spinal
cord. An intrathecal catheter (PE-10) filled with ~4 μL sterile saline was inserted into the intervertebral gap between L4 and L5 and extended into the subarachnoid space for drug injection, then the outer end was plugged. During electrophysiological recording, minocycline (Sigma, St.
Louis, MO, USA; 200 μg/20 μL, dissolved in saline) or saline alone was injected 1 h before tetanic stimulation. Then the left sciatic nerve was exposed, carefully isolated, and stimulated by bipolar silver electrodes. The spinal column was firmly suspended by vertebral clamps rostral and caudal to the exposed cord. The skin above the sciatic nerve around the incision was raised and fixed to a metal ring to form a skin bath filled with warm paraffin oil. Throughout the experiment, animals were artificially ventilated (Capstar-100, IITC Life Science, USA), and the electrocardiogram, end-tidal CO 2 , and rectal temperature (37.5-38°C)
were monitored and controlled within the physiological range.
Field potentials were recorded in the ipsilateral dorsal horn at L4-L5, 300-500 μm from the surface of the cord with glass microelectrodes (impedance 3-6 MΩ). The lowpass filter was set at 100 Hz. A single rectangular pulse In the sham group, the exposed left sciatic nerve was placed on the hooks without stimulation. The animals were allowed to recover from surgery before behavioral tests. withdrawal occurred in no less than 3 tests was the value of the particular filament in grams considered to be the 'paw withdrawal threshold' to mechanical stimuli. Otherwise, the next-larger filament was tested until the paw withdrawal threshold was defined. were measured with a computer-assisted imaging analysis system (Photoshop). and IL-18R following tetanic stimulation was analyzed by one-way ANOVA followed by the LSD post-hoc test. The effects of minocycline on the expression of IL-18 and IL-18R were analyzed using the independent samples t-test. Similar to our previous study [1] , bilateral paw with- and from 14.25 ± 1.00 to 4.25 ± 0.88 g (P <0.001) contralaterally on day 7 after TSS in the saline group (Fig. 1B, C) .
von Frey test for mechanical allodynia
Immunofluorescent staining
Western blots
Statistical analysis
Results
Inhibition of TSS-induced spinal LTP and mechanical allodynia by glia inhibitor minocycline
However, in the minocycline group, the ipsilateral PWT dropped from 15.00 ± 1.36 to 10.00 ± 1.36 g (P <0.05) on day 7 after TSS. There was a significant difference of PWT compared with the saline group (P <0.01) (Fig. 1B) , 
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indicating that TSS-induced pain responses were partially alleviated by minocycline. Similar results were obtained for the contralateral PWTs (Fig. 1C ).
Minocycline decreased the TSS-induced activation
of microglia and astrocytes Iba-1-positive microglia with a swollen phenotype were markedly increased following ± 0.75, P <0.001 vs normal saline group) (Fig. 2B ).
Minocycline attenuated the up-regulation of IL-18
and IL-18R IL-18 has been proposed to be predominantly released from microglia, so the effects of minocycline on the expression of IL-18 were investigated. After TSS, IL-18 expression increased from day 1 (relative intensity, and was maintained at least to day 7 (relative intensity, 57.23 ± 3.24, P <0.001 vs sham) (Fig. 3A) . In addition, the 
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increased IL-18 expression was inhibited by minocycline on day 3 (relative intensity, 45.78 ± 2.27, P <0.01 vs saline) (Fig. 3B) . To identify the cell type that expressed IL-18, spinal sections were double immunostained with mixed antibodies to IL-18 and Iba-1, GFAP or NeuN on day 3
following TSS in the saline group. The results showed colocalization of IL-18 predominantly with Iba-1 and slightly with GFAP, but not with NeuN (Fig. 3C ).
It has been reported that IL-18 mediates the interaction between microglia and astrocytes via binding to IL18Rs [21, 26] , so the effects of minocycline on IL-18R expres- following TSS (Fig. 4A) . However, this increase was inhibited on day 7 by repeated injection of minocycline (relative intensity, 48.44 ± 2.92, P <0.05 vs saline) (Fig. 4B) .
Discussion
Here, we mainly found that the disruption of microglia pain is mediated by the sequential activation of microglia first and then astrocytes [27] [28] [29] [30] .
TSS-induced LTP of C-fiber-evoked field potentials in the spinal cord has been proposed to be the process of central sensitization underlying spinal nociception [25, 31, 32] .
In the present work, we found that disruption of microglial actions blocked spinal LTP and inhibited mechanical allodynia. This is consistent with previous reports that minocycline attenuates the hyperexcitation of dorsal horn neurons following traumatic spinal cord injury and significantly attenuates the allodynia and hyperalgesia following chronic constriction injury in rats [33, 34] . Our results provide new evidence for the involvement of microglial activation in the potentiation of synaptic plasticity in the spinal pain pathway. However, neurochemical mechanisms underlying the modulation of pain plasticity by microglia are poorly understood.
Compelling evidence suggests that activation of microglia plays a vital role in the induction of hippocampal LTP by releasing cytokines [35] [36] [37] . It has been shown that minocycline reverses β-amyloid-mediated inhibition of NMDA receptor-dependent hippocampal LTP by inhibiting microglial activation [38] . Moreover, proinflammatory cytokines released mainly from microglia, including IL-1β, IL-18 and TNF-α, contribute to the modulation of hippocampal LTP by increasing the translocation and trafficking of AMPA receptors [39, 40] . Recent reports suggest that spinal LTP may share a similar mechanism with hippocampal LTP [40, 41] . Hippocampal LTP underlies memory and learning. Central sensitization means an increase in synaptic efficacy upon nerve injury or inflammation. These two phenomena have some striking similarities in the expression and functional changes of NMDA and AMPA receptors.
However, there are still many differences, such as different roles of neurokinin 1 and cyclooxygenase 2 [8] . In addition, under pathological conditions, over-activated glia and upregulated proinflammatory cytokines cause impairment of LTP in the hippocampus but facilitate LTP in the spinal dorsal horn. Therefore, further investigation is required to provide a reasonable explanation for these differences.
ATP is an activity-dependent signaling molecule in the synaptic transmission of peripheral and spinal nociception and in communication between neurons and glia by activating multiple P2X receptors in glia [42] [43] [44] . It has been reported that ATP released from presynaptic nerve terminals contributes to the induction of hippocampal LTP, suggesting a role for ATP in the modulation of synaptic efficiency [45] . Our recent study showed that in the spinal cord, P2X 7 receptors (P2X 7 Rs) are predominantly expressed in microglia, and that P2X 7 R antagonists and P2X 7 -siRNA prevent TSS-induced spinal LTP and reduce mechanical allodynia [46] , suggesting that microglial P2X 7 Rs are required for plastic changes in pain-sensitive neurons in the dorsal horn.
It has been shown that IL-18, a downstream mol-ecule of P2X 7 R, is mainly produced by microglia [47, 48] . The present results showed that the microglial inhibitor minocycline not only inhibited TSS-induced spinal LTP but also reduced the increase in microglial IL-18 expression induced by TSS. Notably, we found increases in the expression of both IL-18 in microglia on day 3 and IL-18Rs on day 7 after TSS. This is consistent with previous reports that microglial IL-18 expression significantly increases on day 3 after excitotoxic damage and IL-18-mediated interaction between spinal microglia and astrocytes enhances neuropathic pain [21, 26] . Therefore, it is conceivable that the [49, 50] . Consequently, in addition to P2X 7 Rs, P2X 4 Rs may be at least partly implicated in the minocyclineinduced blockade of TSS-induced spinal LTP.
In agreement with our previous study [1] , TSS induced bilateral mechanical allodynia, also called mirror-image pain. It has been proposed that glia and proinflammatory cytokines play key roles in the creation of mirror-image pain [51] . We showed that both ipsi-and contralateral mechanical allodynia were alleviated by spinal administration of minocycline, strongly suggesting an important role of microglia in TSS-induced mirror-image pain. In support of this view, a study showed that minocycline relieves the long-lasting contralateral allodynia and the increase in microglial expression induced by carrageenan in mice [52] .
Taking these findings together, we speculate that mi- 175).
